Recent increase in the application of 3-D inversion of magnetotelluric (MT) data is facilitated by the availability of several 3-D inversion codes, which led to improved interpretation of MT data. However, still the galvanic effects continue to pose problems in interpretation of the MT data. We have addressed this problem using the phase tensor (PT) concept and developed a scheme based on a modification of the sensitivity matrix in the 3-D inversion code of Siripunvaraporn et al., which enables us to directly invert the phase tensor elements. We have used this modified code for PT inversion of MT data and evaluated its efficacy in reducing the galvanic effects through a few examples of inversion of synthetic data and its application on real data. The synthetic model study suggests that the prior model (m o ) setting is important in retrieving the true model. Comparison of results obtained from conventional impedance inversion and the proposed PT inversion method suggests that, even in the presence of the galvanic distortion (due to near-surface checkerboard anomalies in our case), the new inversion algorithm reliably retrieves the regional conductivity structure when the prior model or regional resistivity value level can be estimated with sufficient accuracy. Data errors were propagated to the PT elements using delta method while inverting the real data from USArray. The PT results compare very well with those from full tensor inversion published earlier, signifying the efficacy of this new inversion scheme.
I N T RO D U C T I O N
3-D inversion of the magnetotelluric (MT) data (Tuncer et al. 2006; Hiese et al. 2008 Hiese et al. , 2010 Patro & Egbert 2008 ) has become a common practice among the MT community due to free availability of the WSINV3DMT code (Siripunvaraporn et al. 2005) to the academic community. 3-D inversion codes have opened a world of 3-D interpretation of MT data and remove difficulties in interpretation from limitations of the 2-D assumptions. This enhances reliability of the model resistivity structures, though the galvanic effects remain to be effectively taken care of to obtain realistic subsurface resistivity models (e.g. Meju 2002 ). Sasaki & Meju (2006) proposed a way to alleviate the difficulties from the galvanic effects, where in both the resistivity values and static shift parameters are treated as model parameters in their inversion schemes. However, since they expressed static shifts as gain factors multiplied to respective impedance tensor elements, that is, phase of respective elements remain the same regardless of existence of the galvanic effects. Their formulation is therefore not consistent with the general representation of the galvanic effects, where, an observed impedance tensor is expressed as a product of a galvanic real tensor and a regional complex impedance tensor (e.g. Bahr 1988; Groom & Bailey 1989; Chave & Smith 1994; Berdichevsky & Dmitriev 2002) . Alternate way in dealing with static shift is during data pre-processing steps such as tensor decomposition (e.g. Heise et al. 2008 Heise et al. , 2010 or using Transient Electromagnetic (TEM) data (e.g. Árnason et al. 2010) or with different assumptions such as that of Zhdanov et al. (2010) . To deal with galvanic distortion of MT data in more general cases, Caldwell et al. (2004) introduced the novel concept of a 'phase tensor' (PT). They demonstrated how the regional phase information can be recovered directly from the observed impedance tensor, where in, both the near-surface inhomogeneity and the regional conductivity structures can be 3-D. Heise et al. (2008) modelled a complicated 3-D resistivity structure with the use of the PT approach by performing a series of forward modelling tests. Their contribution suggested the potential of the PT method in obtaining a dependable regional structure.
Stimulated by these developments on the PT approach, we attempted to modify the WSINV3DMT code to directly invert the PT elements. In this study, we present the PT inversion method and illustrate its effectiveness through application on a few examples of synthetic as well as real data.
M E T H O D O L O G Y O F 3 -D P T I N V E R S I O N
To realize a 3-D PT inversion, we modified the WSINV3DMT 3-D MT inversion code that is based on a data space 3-D MT OCCAM's inversion scheme (Siripunvaraporn et al. 2005) . The theoretical background of the WSINV3DMT is discussed in greater detail in the earlier papers (Siripunvaraporn & Egbert 2000; Siripunvaraporn et al. 2005) . Hence, here we briefly mention the modifications carried out to the code.
The principal modification to achieve the PT inversion was carried out in the sensitivity matrix computations of the WSINV3DMT. The sensitivity of the PT at a specific site and frequency i for a model conductivity j is expressed as:
where φ denotes the PT = ( Z ) −1 Z (Caldwell et al. 2004) , and Z and Z denote real and imaginary part of the impedance tensor Z, respectively. Since the complex sensitivity (∂ Z ∂σ ) for the MT impedance tensor is readily computed in the WSINV3DMT based on the reciprocity approach (Rodi 1976; Siripunvaraporn et al. 2005) , the sensitivity for the PT expressed in eq. (1) can also be estimated by using the conventional MT impedance sensitivity.
After estimating the sensitivities for multiple sites and frequencies, the model renewal equation for each iteration step can be obtained by minimization of the penalized objective function, which is composed using the data misfit and the model variance terms. The data misfit and the model variance terms are, respectively, normalized by the PT errors and the model covariance matrix. In the newly developed PT inversion, PT errors are estimated by error propagation expressions from estimates of errors for respective impedance tensor elements (see the Appendix), and model covariance is fixed throughout the inversion process. The way how the model covariance is considered in the data space approach, was described in previous papers in detail (Egbert et al. 1994; Siripunvaraporn & Egbert 2000; Siripunvaraporn et al. 2005) . The trade-off parameter between the data misfit and the model variance is determined through OCCAM's inversion scheme; the smoothest model (or the least variance model) with plausible data misfit level is selected as the best model (Constable et al. 1987 ).
S Y N T H E T I C T E S T
We have tested the PT inversion scheme on a few synthetic models. In the first test, the synthetic model is constructed following a 3-D model described in Caldwell et al. (2004) periods from 0.215 to 1000 s, which were equally distributed on a logarithmic scale. The inversion was carried out for different prior models (mo) with the half-space having diverse resistivities, that is, 10, 100 and 1000 Ohm m. For each test run the initial model and the respective prior model remained the same. All these inversions were performed after perturbing the synthetic data by a value of 5 per cent of |ϕ xx × ϕ yy |. One can also consider taking the arithmetic mean of main diagonal PT components as errors to avoid zeros that might exist in 90
• phases. The inversions were run for 10 iterations. The inversion solution resulted from the 100 Ohm m prior model (see Fig. 1d ) has the minimum rms of 0.965 compared to other two cases (see Figs 1c and e; rms = 1.044, 1.740 for 10 Ohm m and 1000 Ohm m prior models, respectively). Differences between the model parameters corresponding to the predicted and true models are plotted in Fig. 2 . We also computed mean deviation between inverted and true model (see Table 1 ) for PT and full tensor (FT) inversions applying the formula: [
where N = total number of blocks in the model, RT = true model resistivity and RP = inverted model resistivity. Note that, from the Fig. 2 and the Table 1 , it is evident that the model derived from the 100 Ohm m prior model is closest to the synthetic model. In the other two cases, however, resultant resistivity values are on average more conductive or more resistive depending on the prior model resistivity values. Moreover, thickness of the reproduced conductive rectangular body is thicker or thinner than that of the synthetic model for conductive or resistive prior model, respectively. Misfit between the synthetic and predicted responses (for period = 2 s) in the case of 10,100 and 1000 Ohm m prior models are presented in Fig. 3 . Note that, the synthetic PT elements, which are used as the observations, are well reproduced from the inverted models by all the three prior models.
Further, using the synthetic data generated from the same model, we compared the results from the present PT inversion and conventional FT impedance (Z xx , Z xy , Z yx and Z yy ) inversion. The prior model was 100 Ohm m half-space and the errors used in the inversion were 5 per cent of √ Zxx × Z yy . Final model is obtained with an rms of 1.015, is presented in Fig. 4 . In both the resultant models the conductor B is recovered well. From the model deviation numbers presented in Table 1 , it can be seen that both the inversion results are comparable.
In the second synthetic model test, we used the above-discussed model and introduced distortion by a checkerboard pattern of resistivites of 10 and 1000 Ohm m in the top layer (100 m thick). The dimension of the checkerboard is set to 1 km × 1 km. The synthetic model is illustrated in Figs 5(a) and (d) . A series of inversion tests were carried out for the synthetic full impedance tensors as well as for the synthetic PTs, at 28 sites and seven periods from 10 to 1000 s, which are equally distributed in the logarithmic scale. One important point in this demonstration is that the induction scale length (or the skin depth) of the shortest period (10 s) used is set to much longer than the thickness and size of the surface checkerboard. Thus the PTs are devoid of the surface checkerboard anomaly, while, magnitudes of the impedance are clearly dependent on site locations and checkerboard pattern due to the galvanic effects. Results for the full impedance tensor inversion are presented in Figs 5(b) and (e) and for the PT inversion in Figs 5(c) and (f). It is evident from these results that the synthetic regional model shown in Fig. 5(d) is reproduced better in the PT inversion results shown in Fig. 5(f) . However, as can be seen from a comparison of Fig. 5(d) with 5(e), the conventional impedance tensor inversion, where the magnitudes of the impedances are also considered, has moderately reproduced the synthetic regional model. The conventional impedance tensor inversion on the other hand tends to yield spurious fine-scale anomalies in the surface layers to adjust the magnitude of the impedance, as shown in Figs 5(b) and (e). In contrast, the PT inversion does not produce any such spurious features in the surface layers as is evident from Fig. 5(c) . It may also be noted that the feature 'A' is reproduced with higher amplitude in both FT (Figs 5b and e) and PT (Figs 5c and f) inversion results. In these inversion tests, a 100 Ohm m prior model was assumed. As was the case with the first example, however, the synthetic regional model cannot be reproduced solely by the PT inversion, if the prior model is set to be much different from the true background resistivity. A similar observation was made in a recent study on the 3-D inversion of vertical magnetic transfer functions (Siripunvaraporn & Egbert 2009 ), suggesting the importance of correct estimation for the host resistivity in the prior model.
A P P L I C AT I O N T O T H E R E A L DATA
We have also evaluated the usefulness of the PT inversion by applying it to USArray MT data acquired in the Pacific Northwest, United States of America under EarthScope programme (Fig. 6) . The MT study in USArray was aimed to cover the continental United States at an approximate spacing of 75 km in selected areas. During 2006-2007 long-period magnetotelluric (LMT) data were collected at 110 sites covering Oregon, Washington State and a part of Idaho. LMT data were acquired by a commercial contractor in a series of overlapping arrays using Fluxgate magnetometers (Narod Geophysics). MT transfer functions were derived by applying robust remote reference processing approach (Egbert 1997) . Initial 3-D inversion of these data sets revealed many interesting features such as extensive areas of high conductivity in the lower crust below SE Oregon covering Basin and Range, Blue Mountains and High Lava Plains; variation in the upper-mantle conductivity between the subducting ocean and North American continent (Patro & Egbert 2008) .
In this paper, we inverted the PT elements ( xx , xy , yx , yy ) of the above-mentioned 109 sites at four periods (100-8000 s). Because we want to compare with the results from FT inversion carried out earlier (Patro & Egbert 2008) , we used the same model grid for PT inversion. The model domain consists of N x = 80, N y = 78 grid cells with a grid spacing of 12 km in the central part of the grid and Nz = 34 layers. Pacific Ocean (conductivity of 3.33 S m -1 ) was included in the model. Though for FT eight periods were considered, due to computational limitations only four periods were used for PT inversion. The prior model was 100 Ohm m half-space with fixed ocean. The smoothing length scales were increased to four times the default value in the x and y directions to maintain consistency with the earlier FT inversion (Patro & Egbert 2008) . The errors of PT elements (see the Appendix) were estimated directly from impedance tensor errors using delta method (Efron 1982 ). It may be noted that the conductive features (C1-C3) shown in red to yellow colour delineated from both FT and PT inversion. The magnitude of the conductor C1 is reduced in the PT inversion when compared to FT inversion. It may be noted that in the case of PT inversion we have considered only four periods apart from that the prior model was 100 Ohm m half-space with ocean fixed. The elongated conductor C2 where it coincides with Southwest Washington Cascade Conductor is also recovered in the PT inversion. The PT inversion results also brought out the conductor C3 in the NE part of the model, which seems to extend eastwards. Resistive oceanic mantle (R1) subducting beneath the North American continent is also observed from PT inversion.
A comparison of the PT ellipses for observed data and computed responses of the inverted model at 1092 s are plotted for all the sites. One can note the coast effect (A in Fig. 8 ) on the data, which is clearly reflected in both observed and computed responses. There is a good amount of agreement between Figs 8(a) and (b) except at few stations, for example, in the northeastern part of the array (B in the Fig. 8 ).
D I S C U S S I O N A N D C O N C L U S I O N
We have modified the WSINV3DMT code to directly invert the PT elements of MT data. The main modification was done to the sensitivity matrix computations. We did a few synthetic tests with the new code. In the first case, we generated synthetic PT data from a model similar to that presented in Caldwell et al. (2004) and inverted the same. The inversion was run for different prior models. The true model was recovered when the value of prior model was close to that of the synthetic model. In the case of another synthetic test model, we could simulate galvanic distortion related to the model by introducing fine-scale checkerboard pattern of conductors and resistors on the surface of the 3-D model. These data with galvanic distortion effects were inverted using both the conventional 3-D FT impedance inversion as well as the PT inversion. The results show that, in the presence of the galvanic distortion, the PT inversion recovers the regional structure more reliably compared to that from impedance inversion. All the results from the present studies provide strong evidence on the usefulness of the PT inversion but point to the importance of selection of a reliable prior model to retrieve the true model. The reliable prior model for PT inversion could be obtained from the TEM, the Network-MT or other static shift-free EM-responses (e.g. Uyeshima 2007; Heise et al. 2008) . However, this issue needs further study. Application of the 3-D PT inversion to the real data from USArray brought out the conductive and resistive features described in Patro & Egbert (2008) . This result further signifies the usefulness of the PT inversion to the real data.
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∂ p1 ∂r 1 = ∂ ∂r 1
(r 4 × i1 − r 2 × i3) (r 1 × r 4 − r 2 × r 3)
.
By using the identity
